Rifamycins have proven efficacy in the treatment of persistent bacterial infections. However, the frequency with which bacteria develop resistance to rifamycin agents restricts their clinical use to antibiotic combination regimens. In a program directed toward the synthesis of rifamycins with a lower propensity to elicit resistance development, a series of compounds were prepared that covalently combine rifamycin and quinolone pharmacophores to form stable hybrid antibacterial agents. We describe modeof-action studies with Staphylococcus aureus of CBR-2092, a novel hybrid that combines the rifamycin SV and 4H-4-oxo-quinolizine pharmacophores. In biochemical studies, CBR-2092 exhibited rifampin-like potency as an inhibitor of RNA polymerase, was an equipotent (balanced) inhibitor of DNA gyrase and DNA topoisomerase IV, and retained activity against a prevalent quinolone-resistant variant. Macromolecular biosynthesis studies confirmed that CBR-2092 has rifampin-like effects on RNA synthesis in rifampin-susceptible strains and quinolone-like effects on DNA synthesis in rifampin-resistant strains. Studies of mutant strains that exhibited reduced susceptibility to CBR-2092 further substantiated RNA polymerase as the primary cellular target of CBR-2092, with DNA gyrase and DNA topoisomerase IV being secondary and tertiary targets, respectively, in strains exhibiting preexisting rifampin resistance. In contrast to quinolone comparator agents, no strains with altered susceptibility to CBR-2092 were found to exhibit changes consistent with altered efflux properties. The combined data indicate that CBR-2092 may have potential utility in monotherapy for the treatment of persistent S. aureus infections.
Antibiotics of the rifamycin class exhibit potent activity against an array of gram-positive bacteria, including the mycobacteria, and have been used globally for the treatment of tuberculosis. Rifamycins, however, exert their antibacterial activity as inhibitors of a single enzyme target, DNA-dependent RNA polymerase, and a variety of single point mutations in the rpoB gene (which encodes the ␤ subunit of the enzyme) give rise to strains that exhibit highly elevated MICs (7, 12) . This resistance development liability limits the approved use of the rifamycin class of agents to combination regimens.
Rifamycins, alone or in combination, exhibit activity against susceptible bacteria propagated in the biofilm state, as determined from data from in vitro biofilm assays (3, 28, 32, 37, 41) and animal models of biofilm-associated infections (6, 19, 20, 37) . In addition, clinical studies of rifampin in combination with fluoroquinolones (24, 36, 42, 43) , vancomycin (21, 38) , fusidic acid (38) , and amoxicillin (38) have led to the adoption of specific rifampin-containing regimens as standard therapies for the treatment of biofilm-associated infections of indwelling medical devices (5) .
The efficacy of the rifamycins in the treatment of biofilmassociated infections and other persistent or latent infections that are often recalcitrant to other antibiotics is likely explained by two distinct features. First, at the mechanistic level, the transcription process is thought to be essential for the establishment and maintenance of bacteria in alternate survival modes, including biofilms and metabolically quiescent states typical of latent cell populations. Second, at the physicochemical level, rifamycin agents exhibit excellent tissue distribution (1), efficiently penetrate biofilms formed in vitro (41) , and exhibit good activity against a number of obligate or facultative intracellular pathogens.
In a program directed toward the synthesis of rifamycin derivatives with improved resistance development properties, a series of compounds was prepared in which rifamycin and quinolone pharmacophores were covalently combined. The design of these rifamycin-quinolone hybrids was such that they act as stable, dual-pharmacophore agents and therein are not active as prodrugs. This strategy should ensure that the pharmacokinetics, pharmacodynamics, and tissue distribution of the composite pharmacophores are matched. In CBR-2092, the rifamycin SV pharmacophore is combined with a quinolone pharmacophore derived from the 4H-4-oxo-quinolizine (or 2-pyridone) subfamily of fluoroquinolones that exhibit equipotent (balanced) activity against both DNA gyrase and DNA topoisomerase IV and retain activity against ciprofloxa-cin-resistant strains (26) . In an accompanying article (30) , we describe the results of microbiology studies used to characterize the in vitro profile of activity of CBR-2092 against staphylococci and streptococci. Here, we describe the results of biochemical, cell biology, and genetic studies undertaken to characterize the mode of action of CBR-2092 against a primary target pathogen, Staphylococcus aureus.
(Portions of this work were previously presented at the 47th Interscience Conference on Antimicrobial Agents and Chemotherapy, 2007 [27a] .)
MATERIALS AND METHODS
Antimicrobial agents. CBR-2092 and ABT-719 (A-86719.0) were synthesized at Cumbre Pharmaceuticals Inc. Rifampin, ethidium bromide, and reserpine were purchased from Sigma-Aldrich (St. Louis, MO). Ciprofloxacin, levofloxacin, gatifloxacin, and nadifloxacin were purchased from LKT Laboratories (St. Paul, MN).
Bacterial strains. Table 1 shows the relevant details for a series of derivatives of S. aureus ATCC 29213 (CB190) and RN4220 (CB1244) that exhibit stable resistance to agents of the rifamycin and/or quinolone classes that were isolated and characterized as described below.
Isolation and characterization of resistant mutants. Single-step selections of antibiotic-resistant mutants were undertaken by standard agar-based methods. In all cases, mutants were purified through drug-free passage, and the initial antibiotic resistance phenotype was then verified to ensure that stable, true-breeding mutants had been obtained. Stepwise passage for multistep resistance selection was undertaken in glass tubes with cation-adjusted Mueller-Hinton (MHII) medium with or without 0.002% (vol/vol) polysorbate 80 (P-80) and were inoculated with 10 6 CFU/ml in the presence of sub-MICs of the test agents (see footnotes a of Tables 6 and 7 for details). Cultures were incubated with shaking at 37°C for 20 to 24 h. Thereafter, the cell inoculum was prepared from the highest consecutive drug concentration which had supported growth to an absorbance equivalent to or greater than Ϸ10 8 CFU per ml. Daily passages were performed until compound solubility issues limited further elaboration of individual steps election studies or it was apparent that a terminal resistance endpoint had been attained in specific selections. Genotypic analysis of strains exhibiting stable resistance phenotypes was undertaken by standard methods with amplification and DNA sequencing of the target loci. Assessment of the contribution of mutations in efflux pathways toward altered antibiotic resistance phenotypes was undertaken by determining altered sensitivity to the unrelated efflux substrate ethidium bromide and/or whether quinolone susceptibility was affected by reserpine.
Biochemical studies. Recombinant forms of the S. aureus A RNA polymerase holoenzyme and a rifampin-resistant RpoB (H481Y) variant were prepared as described previously (27) . Inhibition of transcription of S. aureus A RNA polymerase holoenzymes was measured in single-round G-less cassette assays that employed the pGL2B-T7A1-G-less template (27) . Quantitative gel electrophoresis of a single 272-nucleotide G-less RNA product species was used to determine the minimal concentration necessary to inhibit 50% (IC 50 ) of the holoenzymespecific RNA product formed in the absence of test agents. Derivatives of the pET28b vector (Novagen Inc.) were constructed to express recombinant forms of the S. aureus GyrA or GyrA S84L and ParC or ParC S80F subunits bearing aminoterminal six-histidine and T7 tag oligonucleotide epitopes and carboxyl-terminal FLAG epitope tags. The previously described vectors pTrcHisB-SA-GyrB and pTrcHisA-SA-GrlB (18) were used for expression of recombinant variants of the S. aureus GyrB and ParE (GrlB) proteins, respectively, bearing amino-terminal six-histidine oligonucleotide affinity tags. In all cases, the recombinant subunits were purified from Escherichia coli Rosetta cells (Novagen Inc.) by immobilized metal affinity chromatography (IMAC). The peak fractions that eluted from the IMAC resin via an imidazole gradient were identified by sodium dodecyl sulfatepolyacrylamide gel electrophoresis; pooled; and further purified by combination of size-exclusion chromatography, affinity chromatography, and/or dialysis. The DNA topoisomerase holoenzymes were then reconstituted through combination of the purified subunits at ratios optimized for specific activity to yield either wild-type or quinolone-resistant forms of DNA gyrase and DNA topoisomerase IV. For the studies described here, DNA gyrase preparations exhibited specific activity in the range of 200 U per g (for GyrA S84L and GyrB) to 250 U per g (for GyrA and GyrB), in which 1 U is equivalent to the minimal amount of enzyme necessary to effect the supercoiling of 150 ng of relaxed pBR322 DNA in 1 h at 37°C. Wild-type (ParC and ParE) and mutant (ParC S80F and ParE) preparations of DNA topoisomerase IV enzymes exhibited specific activities of 25 to 30 U per g (in which 1 U is equivalent to the minimal amount of enzyme necessary to effect the relaxation of 150 ng of supercoiled pUC19 DNA in 1 h at 37°C). Assays for measurement of the inhibition of the in vitro activity of type II topoisomerases employed the relaxed (DNA gyrase) or negatively supercoiled (DNA topoisomerase IV) forms of covalently closed DNAs as substrates. Assays of DNA gyrase were undertaken in 50 mM Tris-HCl (pH 7.5), 50 mM potassium glutamate, 5 mM MgCl 2 , 5 mM dithiothreitol, 1 mg/ml acetylated bovine serum albumin, 1.5 mM ATP, 15 g/ml relaxed pBR322 DNA, and 100 g/ml E. coli tRNA for 1 h at 37°C. Assays of DNA topoisomerase IV were undertaken in 50 mM Tris-HCl (pH 7.5), 50 mM potassium glutamate, 5 mM MgCl 2 , 5 mM dithiothreitol, 1 mg/ml acetylated bovine serum albumin, 1.5 mM ATP, 15 g/ml supercoiled pUC19 DNA, and 100 g/ml tRNA for 1 h at 37°C. In all cases, the reactions were terminated by the addition of sodium dodecyl sulfate and proteinase K. Quantitative gel electrophoresis of the linear DNA products was employed to determine the minimal concentration of inhibitor necessary to induce 50% cleavage over that for the background of a covalently closed DNA substrate (CC 50 ), with mean values calculated from two or more independent assays. Macromolecular biosynthesis assays. The effects of the test agents on macromolecular biosynthesis in S. aureus were determined by using assays in which the incorporation of specific radiolabeled precursors was measured in a time-course fashion. The radiolabels employed were [methyl- H]thymidine (NET-027; Perkin-Elmer) for DNA synthesis, [5, H]uridine (NET-367; Perkin-Elmer) for RNA synthesis, L- [3, 4, H]leucine (NET-460; Perkin-Elmer) for protein synthesis, and [2, H]D-alanine (ART-179; American Radiolabeled Chemicals) for cell wall synthesis. At each time point, the ratio of the amount of radiolabel incorporated in the presence of the test agent relative to the amount of radiolabel incorporated by the dimethyl sulfoxide-treated control culture was used to determine the percent incorporation. The amount of radiolabel incorporated at time zero was set equal to 100%.
Antimicrobial susceptibility testing. Determination of MICs was done in accordance with the Clinical and Laboratory Standards Institute (CLSI) methodology by either the broth microdilution or the agar dilution method with MHII as the base medium (10) . Unless otherwise indicated, broth microdilution assays employed MHII medium supplemented with 0.002% (vol/vol) P-80. 
RESULTS
Structures of CBR-2092 and related agents. In a program directed toward the synthesis and evaluation of rifamycinbased hybrid antibiotics, a series of compounds was prepared in which rifamycin and a quinolone pharmacophore were covalently joined. In total, approximately 300 rifamycin-quinolone hybrids were synthesized in an effort that entailed the combination of different rifamycin backbone scaffolds with quinolones representative of various subseries, including experimental quinolone pharmacophores. Structure-activity relationships derived from the data generated in a range of assays described here revealed that the potency of the quinolone entity was a critical parameter in terms of the retention of antimicrobial activity of rifamycinquinolone hybrid agents against strains exhibiting rifampin resistance. Of the quinolone pharmacophores tested, members of the experimental 4H-4-oxoquinolizine subfamily (25) proved one of the most promising. In CBR-2092 ( Fig. 1) , the rifamycin SV pharmacophore is combined via a chiral linking group with a quinolone entity from the 4H-4-oxoquinolizine subfamily (25) ; for comparison, Fig. 1 also shows the structures of rifampin, ciprofloxacin, and a representative 4H-4-oxoquinolizine (ABT-719) that were employed in this study as comparator agents. ABT-719 was studied as a comparator, as it is the most extensively characterized member of the 4H-4-oxoquinolizine series and exhibits equipotent (balanced) biochemical activity against the DNA gyrase and DNA topoisomerase IV enzymes and potent antimicrobial activity against both gram-positive and gram-negative pathogens, including ciprofloxacin-resistant isolates of S. aureus, and is efficacious in rodent infection models (26) .
Biochemical studies of CBR-2092 and comparator agents.
As shown in Table 2 , CBR-2092 retained rifampin-like potency against wild-type S. aureus RNA polymerase with an IC 50 of 0.034 M, which makes it approximately twofold less active than rifampin (IC 50 , 0.015 M). In contrast, neither rifampin nor CBR-2092 exhibited detectable activity (IC 50 s, Ͼ25 M) against a mutant form of the RNA polymerase enzyme bearing a high-level rifampin resistance-conferring RpoB H481Y subunit. These combined data suggest that appendage of the 4H-4-oxoquinolizine pharmacophore via the 3Ј position of the rifamycin SV scaffold does not significantly affect the ability of CBR-2092 to interact with RNA polymerase in a manner similar to that of rifampin.
As also shown in Table 2 , biochemical studies indicated that CBR-2092 exhibits equipotent (balanced) activity against wildtype S. aureus DNA topoisomerase IV and DNA gyrase enzymes, with CC 50 s of 1.7 and 1.5 M, respectively, which are in the same potency range as ciprofloxacin and gatifloxacin and which correspond to a ratio of the CC 50 of DNA gyrase/CC 50 of DNA topoisomerase IV of 0.9. The apparent target balance of CBR-2092 for wild-type topoisomerase IV and DNA gyrase is improved over the target balances of ciprofloxacin (CC 50 ratio, 11.5) and gatifloxacin (CC 50 ratio, 3.2) and is similar to that of ABT-719, for which we observed a CC 50 ratio of 1.5 and for which a CC 50 ratio of 2.1 has been reported previously (33) . However, in contrast to all of the other fluoroquinolone comparators tested, CBR-2092 maintains its activity against a prevalent fluoroquinolone-resistant variant of DNA topoisomerase IV, with CC 50 s of 2.7 and 1.7 M determined for the ParC variant of DNA topoisomerase IV was considered a key attribute of the quinolone-driven activity of the molecule, as this mutation most commonly underlies target-mediated resistance in ciprofloxacin-resistant isolates of S. aureus. Activity of CBR-2092 against S. aureus strains exhibiting rifampin and/or quinolone resistance. Table 3 shows the activities of CBR-2092 and comparator agents against an otherwise isogenic set of derivatives of S. aureus CB190 (ATCC 29213) that bear all possible combinations of a high-level rifampin resistance mutation rpoB H481Y and the prevalent quinolone resistance mutations parC S80F and gyrA S84L . For CBR-2092, MIC endpoints are shown here and elsewhere from assays conducted in both the agar dilution and the broth microdilution formats, with the latter conducted with MHII medium supplemented with 0.002% (vol/vol) P-80. As observed with a number of other semisynthetic antibiotics, CBR-2092 exhibits an apparent high avidity for plastic and glass materials. In the broth microdilution format, P-80 minimizes the surface loss of CBR-2092 to the plastic surface of the assay plates (G. T. Robertson, Q. Du, and A. S. Lynch, unpublished data) and improves the concordance of MIC endpoints with those determined by the agar dilution method (in which it is assumed that such compound loss is minimized by slower diffusion through the agar matrix).
As anticipated from past studies, wild-type S. aureus strain CB190 (ATCC 29213) and its rifamycin-resistant derivative CB370 (rpoB H481Y ) were observed to exhibit marked differences in their susceptibilities to rifampin, with the MIC for CB370 (Ͼ250 g/ml) being Ͼ31,250 times higher than that determined for CB190 (0.008 g/ml). In contrast, the difference in MICs observed for these two strains with CBR-2092 was markedly smaller, with the broth microdilution MIC for CB370 (0.12 g/ml) being only some eight times higher than that determined for CB190 (ATCC 29213) (0.015 g/ml). Similarly, as anticipated from past studies, wild-type S. aureus strain CB190 (ATCC 29213) and its fluoroquinolone-resistant derivative CB814 (gyrA S84L parC S80F ) were observed to exhibit marked differences in their susceptibilities to fluoroquinolone agents. For instance, the ciprofloxacin MIC for CB814 (16 g/ml) was observed to be ϳ67 times higher than that determined for CB190 (ATCC 29213) (0.25 g/ml). In contrast, no difference in the potency of CBR-2092 against these two strains was observed, with broth microdilution MICs of 0.015 g/ml observed for both CB814 and CB190. These combined data indicate that the primary antimicrobial activity of CBR-2092 is conferred by its rifamycin pharmacophore.
These data are also informative about the nature of the fluoroquinolone activities of the agents tested and, in particular, in delineating the relative contributions of cellular inhibition of each of the DNA topoisomerase type II targets. Ciprofloxacin showed the anticipated pattern of activity against this genetically defined strain panel, with eightfold differences in MICs observed between otherwise isogenic strains bearing either the gyrA S84L or the parC S80F resistance determinant. ) cannot be directly determined from these data. However, as CBR-2092 exhibits in vitro activity nearly equivalent to that of an inhibitor of both wild-type and fluoroquinolone-resistant forms of S. aureus DNA topoisomerase IV (Table 2) , it seems reasonable to assume that the activity of CBR-2092 against strain CB815 is mediated via residual effects on DNA topoisomerase IV.
Effects of CBR-2092 and comparator agents on macromolecular biosynthesis. The effects of rifampin, ciprofloxacin, and CBR-2092 on the four macromolecular biosynthesis pathways studied in CB190 (ATCC 29213) are shown in Fig. 2 . As anticipated, rifampin had a primary effect on de novo RNA synthesis, a delayed, secondary effect on protein synthesis, and tertiary and less significant overall effects on cell wall and DNA synthesis. Similarly, consistent with past studies, ciprofloxacin had a primary effect on de novo DNA synthesis but minimal effects on the other pathways studied. In contrast, CBR-2092 exhibited intermediary effects that were somewhat distinct from those of either rifampin or ciprofloxacin. Like rifampin, CBR-2092 had a primary effect on de novo RNA synthesis and delayed, secondary effects on protein and cell wall synthesis. However, CBR-2092 also appeared to have a secondary effect on DNA synthesis that was more pronounced than the effect observed with rifampin and that likely reflects the secondary mode of action conferred by the quinolone pharmacophore. Figure 2 also shows data from equivalent studies undertaken with rifampin-resistant strain CB370 (rpoB H481Y ). As expected, rifampin had no significant effects at the concentration tested (equivalent to 4ϫ MIC for CB190 [ATCC 29213]) on any of the four macromolecular biosynthesis pathways studied, while ciprofloxacin continued to exhibit a primary effect on de novo DNA synthesis. In contrast, CBR-2092 appeared to have a primary effect on de novo DNA synthesis but minimal effects on the other pathways studied. Also shown in Fig. 2 are the effects of the same compounds on macromolecular biosynthesis in quinolone-resistant strain CB814 (gyrA S84L parC S80F ). As expected, ciprofloxacin had no apparent effects on de novo DNA synthesis or other pathways, while rifampin exhibited an activity profile that was essentially similar to that observed with strain CB190 (ATCC 29213). CBR-2092 also exhibited effects on the four macromolecular pathways in CB814 that were similar to those observed in strain CB190 (ATCC 29213), with a primary effect on RNA synthesis and a somewhat diminished effect on DNA synthesis that more closely resembled that of rifampin. Finally, at the concentrations tested here, neither rifampin, CBR-2092, nor ciprofloxacin had discernible effects on the macromolecular pathways studied when they were tested with strain CB815 (rpoB H481Y gyrA S84L parC S80F ) (data not shown).
Single-step resistance studies with CBR-2092. To further characterize the mode of action of CBR-2092 in S. aureus, we undertook a series of single-step genetic selections in which spontaneous mutants that exhibit reduced susceptibility to CBR-2092 were isolated and characterized. As summarized in Table 4 , a series of agar-based selections undertaken with rifampin-sensitive strain CB190 (ATCC 29213) and CBR-2092 over the concentration range of 0.08 to 0.12 g/ml (five-to eightfold the MIC) gave rise to 28 independently isolated "first-step" mutants that exhibited elevated MICs for CBR-2092 and rifampin in the ranges of 0.12 to 0.5 g/ml and 0.25 to Ͼ 64 g/ml, respectively, but that exhibited no apparent changes in their susceptibilities to ciprofloxacin. The recovery of such first-step resistance mutations at the indicated concentrations, but not at higher drug concentrations, is wholly consistent with the anticipated low spontaneous resistance potential of CBR-2092 at drug concentrations above the mutant prevention concentration at which the secondary antimicrobial activity of CBR-2092 exerts its effects; see the accompanying article (30) . Genotypic characterization of these strains revealed a series of mutations corresponding to amino acid substitution or insertion mutations that span residues Gln468 to His481 in the RpoB subunit of RNA polymerase and therein overlap with cluster I of the previously characterized rifampin resistance-determining region of S. aureus and other pathogens. These genetic data are again wholly consistent with the notion that the primary antimicrobial activity of CBR-2092 in wild-type S. aureus is mediated by its rifamycin pharmacophore.
As shown in Table 5 , a series of agar-based selections undertaken with rifampin-resistant strains CB370 (rpoB H481Y ) or CB1522 (rpoB H481Y ) and CBR-2092 over a concentration range of from 0.1 to 0.25 g/ml (one-to twofold MIC) gave rise to a series of nine independently isolated mutants that exhibited elevated MICs for CBR-2092 in the range of 0.5 to 2 g/ml. Genotypic characterization of these strains revealed a series of mutations corresponding to amino acid substitutions in the gyrA gene that, with one exception (gyrA S84L ), lie distal to the canonical quinolone resistance-determining region (QRDR) of the S. aureus gyrA gene. Further characterization of these strains revealed minimal (one-to twofold) shifts in MICs for a variety of fluoroquinolone agents (data not shown). In contrast, selections undertaken with CB370 (rpoB H481Y ) and ABT-719 (0.05 g/ml) or gatifloxacin (0.2 g/ml) gave rise to a series of independently isolated mutants that exhibited four-to eightfold shifts in ciprofloxacin MICs, and all were found to possess previously described QRDR mutations in either the parC or the parE locus (parC and parE encode the subunits of DNA topoisomerase IV) (data not shown). These combined data are consistent with the notion that, in contrast to gatifloxacin and ABT-719, the preferred DNA topoisomerase target of CBR-2092 in S. aureus is DNA gyrase.
As is also shown in Table 5 ) and CBR-2092 over the concentration range of 0.2 to 0.8 g/ml (one-to eightfold the MIC) gave rise to a series of independently isolated mutants that exhibited elevated MICs for CBR-2092 in the range of 1 to Ͼ16 g/ml. Genotypic characterization of these strains revealed a series of mutations corresponding to amino acid substitutions in parE, parC, and gyrA, including both QRDR mutations described above and a further series of novel mutations. Importantly, when strains that possess both the rpoB H481Y and the gyrA S84L mutations were employed, CBR-2092 selections resulted exclusively in mutations in the ParC or the ParE subunit of DNA topoisomerase IV, including mutations outside of the previously described QRDR for DNA topoisomerase IV in S. aureus. These data further substantiate DNA topoisomerase IV as the secondary DNA topoisomerase target of CBR-2092 in S. aureus.
Finally, to determine the potential contribution of the efflux class of mutations in CBR-2092-selected mutants, the MICs for the efflux substrate ciprofloxacin were determined in the presence and the absence of the efflux pump inhibitor reserpine. In no case was a significant (more than twofold) shift in the ciprofloxacin MIC observed in the presence of reserpine (data not shown). Likewise, no significant shifts in MICs were apparent for any CBR-2092-selected mutants when they were tested against minocycline, a structurally unrelated antibiotic that is subject to additional efflux pathways in S. aureus (data not shown). These data suggest that efflux mechanisms do not contribute to the mutational mechanisms associated with firstor second-step resistance to CBR-2092 in S. aureus. 
Multistep passage selections undertaken with CBR-2092 and comparator agents with CB190 (ATCC 29213).
To delineate the genetic mechanism(s) by which a wild-type, drug-naïve strain of S. aureus (CB190 [ATCC 29213]) may develop higherlevel resistance to CBR-2092, we also undertook studies involving the stepwise enrichment of mutants with reduced susceptibility through serial passage in MHII broth medium starting from a sub-MIC range. Parallel studies were also undertaken with rifampin, ciprofloxacin, and ABT-719. Table 6 shows the characterization of intermediary and/or terminal isolates from each study. Consistent with past precedents described in the literature, step selections undertaken with the comparator agents over the course of 2 to 15 days resulted in the isolation of strains that exhibited resistance to benchmark agents of the parental classes, with MICs elevated Ͼ31,250-fold for rifampin (2 days), Ͼ500-fold for ciprofloxacin (15 days), and Ͼ250-fold for ABT-719 (15 days) (data not shown) relative to those for parental strain CB190 (ATCC 29213). Furthermore, in the selections with the fluoroquinolone agents, it is apparent that efflux mechanisms contributed to the development of stable resistance to the test agents, as ethidium bromide MICs were elevated 16-fold (Table 6) .
Step selections undertaken with CBR-2092 over the course of 26 days of serial, stepwise passage enrichment resulted in the isolation of a strain (CB1884) that exhibited resistance elevated ϳ4,000-fold and 500-fold over that for the parent strain (CB190 [ATCC 29213]), as determined by the broth microdilution and agar dilution MIC assays, respectively. Table 6 includes a summary of the phenotypic and genotypic characteristics of stable, true-breeding mutants derived from days 2, 5, 10, 15, and 26 of the CBR-2092 step selection study.
On day 2 of the CBR-2092 step selection study, a mutant derivative (CB1880) that had highly elevated resistance to rifampin was isolated, and genotypic analysis revealed an rpoB R484H mutation in the canonical rifampin resistance-determining region of rpoB. A secondary mutational event was apparent on day 5, as the MICs for CBR-2092 were further elevated four-to eightfold and genotypic analysis of a purified day 5 isolate (CB1881) revealed a deletion mutation in the gyrA gene (gyrA ⌬L520 ) corresponding to the leucine residue at position 520 of GyrA. Interestingly, this residue lies outside of the known QRDR of gyrA and is not associated with a significant change in the MIC for ciprofloxacin (Table 6) .
A tertiary mutational event was apparent on day 10 of the CBR-2092 step selection study, with a further twofold shift in the MICs determined for CBR-2092. Genotypic analysis of a purified day 10 isolate (CB1882) revealed a duplication mutation in the parC gene (parC R236 duplication) corresponding to a tandem duplication of the arginine residue at position 236 of the ParC subunit of DNA topoisomerase IV. Similarly, this residue also lies outside of the canonical QRDR of parC and was not associated with a significant change in the MIC for ciprofloxacin. A further mutational event was apparent on day 15, with CBR-2092 MICs elevated a further two-to eightfold. Genotypic analysis of a purified day 15 isolate (CB1883) revealed a substitution mutation in the gyrA gene (gyrA S84L ) that corresponded to a serine-to-leucine substitution at residue 84 of the GyrA subunit and to a prevalent QRDR mutation in fluoroquinolone-resistant S. aureus isolates. A final mutational event was apparent on day 26, as the CBR-2092 MICs were elevated a further four-to eightfold, and genotypic analysis of a purified day 26 isolate (CB1884) revealed a substitution mutation in the parC gene (parC H103Y ) corresponding to a histidine-to-tyrosine substitution at residue 103 of the ParC subunit of DNA gyrase. While this mutation is apparently atypical in fluoroquinolone-resistant clinical isolates, it has previously been reported in laboratory studies of the development of resistance to nonfluorinated quinolones (31) and lies within the canonical QRDR of parC in S. aureus. Hence, as expected, an eightfold shift in the ciprofloxacin MIC was observed between the day 15 (CB1883) and the day 26 (CB1884) isolates.
During the course of the CBR-2092 step selection study, it was apparent that the mutant derivatives that were isolated and characterized exhibited slower growth in vitro than the parental strain. Table 6 also shows the doubling times for each isolate characterized when it was grown in MHII broth medium at 37°C with good aeration. Interestingly, the doubling time of the terminal day 26 isolate (CB1884), which bears five mutations (rpoB R484H , gyrA ⌬L520 , gyrA S84L , parC R236 duplication, and parC H103Y ), is 65 min and is thus significantly longer than that of parent strain CB190 (ATCC 29213) (38 min). The significance of these findings with regard to the in vivo fitness or pathogenicity of strains exhibiting decreased susceptibility to CBR-2092 remains to be determined.
Finally, in contrast to the fluoroquinolone comparator agents employed, it does not appear that the mutational activation of efflux systems is a contributory factor in the stepwise development of CBR-2092 resistance. In the case of ciprofloxacin and ABT-719, the terminal day 15 isolates exhibited MICs for ethidium bromide of 64 g/ml, which were 16-fold elevated over the MIC for the parent strain (CB190 [ATCC 29213]; MIC, 4 g/ml). In contrast, no decrease in susceptibility to ethidium bromide was apparent for the CBR-2092 selectants through the day 26 terminal endpoint.
Multistep passage selections undertaken with strains with preexisting rifamycin and/or quinolone resistance mutations.
In a follow-up study, the day 26 terminal isolate from the CBR-2092 step selection study (isolate CB1884) was used as the starting strain for a step selection undertaken with ABT-719 in MHII medium. As shown in Table 7 , after 20 days of stepwise passage in increasing concentrations of ABT-719, a strain (strain CB1887) that had broth microdilution MICs for CBR-2092 and ciprofloxacin of Ͼ250 and 64 g/ml, respectively, was isolated. Genotypic analysis of strain CB1887 confirmed that each of the five mutations previously characterized in strain CB1884 had been stably maintained and also revealed two further substitution mutations in parC, parC E84G and parC S80Y , which correspond to glutamate-to-glycine and serine-to-tyrosine substitutions at residues 84 and 80 of the ParC subunit of DNA topoisomerase IV, respectively, and a further substitution mutation in gyrA, gyrA E88K , which corresponds to a glutamate-to-lysine substitution at residue 88 of the GyrA subunit of DNA gyrase. These combined data are consistent with the notion that the mode of action of CBR-2092 in the concentration ranges employed here (up to 250 and 8 g/ml under the broth and agar conditions, respectively) can be accounted for by combined effects on the cellular functions of RNA polymerase, DNA gyrase, and DNA topoisomerase IV.
A final series of step selections were undertaken with CBR-2092 in studies employing starting strains that bore preexisting rifampin and/or quinolone resistance mutations. In these studies, MHII medium was supplemented with 0.002% (vol/vol) P-80 to enable selections involving higher concentrations of CBR-2092. Table 7 also shows a summary of the phenotypic and genotypic characteristics of the stable, true-breeding mutants derived from the terminal isolates resulting from each of these step selections. In toto, the combined data from the last set of genetic studies further substantiate conclusions from previously described genetic selections, including the notion that CBR-2092 acting as a quinolone (in rifamycin-resistant strains) elicits resistance mutations in DNA gyrase and DNA topoisomerases IV that are atypical of those elicited by traditional quinolones. In addition, the selection of secondary mutations in both GyrA and ParC subunits in each of two independent selections undertaken with a rifampin-resistant strain (CB815) bearing preexisting canonical fluoroquinolone resistance alleles (gyrA S84L and parC S80F ) supports the notion that CBR-2092 exhibits residual activity against the prevalent fluoroquinolone-resistant variants and is consistent with the aforementioned biochemical data. Finally, it is noted again that the terminal isolates resulting from all CBR-2092 step selections exhibited no change with regard to their susceptibility to ethidium bromide, suggesting that the mutational activation of efflux systems is not a contributory factor in genotypic adaptations associated with decreased CBR-2092 susceptibility in vitro.
DISCUSSION
Examination of the rifampin-RNA polymerase cocrystal structures suggest that the tight rifampin binding interaction is mediated by key hydrogen bonds formed by hydroxyl groups at C-1, C-8, C-21, and C-23 as well as the carbonyl oxygen of the C-25 acetoxy group (Fig. 1) , while the C-3-appended piperazine functionality of rifampin is spatially oriented away from the RNA polymerase binding surface and appears to be solvent accessible (4, 9) . As all of the chemical features of the rifampin pharmacophore identified as critical elements in the RNA polymerase interaction are preserved in CBR-2092 and the quinolone moiety is appended to the C-3 position via a secondary hydrazone functionality identical to that of rifampin, it is perhaps not surprising that CBR-2092 exhibits in vitro potency as an RNA polymerase inhibitor that is nearly equivalent to that of rifampin. Preliminary evidence for distinct features of the interaction of CBR-2092 with RNA polymerase is suggested by the retention of activity of CBR-2092 against derivatives of a high-level quinolone-resistant strain ( The activity of CBR-2092 against rifampin-resistant strains, combined with the range of gyrA, parE, and parC mutations resulting from genetic selections undertaken with CBR-2092 in strains with preexisting high-level rifampin resistance, suggests that CBR-2092 exhibits secondary activity against S. aureus via its quinolone pharmacophore and that DNA gyrase is the preferred topoisomerase target in vivo. In this regard, it is interesting to note that other hybrid quinolone antibiotics, including quinolone dimers (14, 22, 23, 40) , sulfonamide-quinolone hybrids (2, 29) , and oxazolidinone-quinolone hybrids (13, 15, 16) , similarly appear to preferentially target DNA gyrase in gram-positive bacteria. These data could be interpreted as indicating that the quinolone binding pocket of DNA gyrase in ternary complexes may be more accommodating of compounds that in effect bear large, bulky substitutions extending from position 7 of the classical 4-quinolone core nucleus.
The DNA gyrase and DNA topoisomerase IV mutations characterized in strains resulting from genetic selections with CBR-2092 include an array of mutational changes that have not previously been reported in studies of traditional quinolone agents and, as such, lie outside of the classical QRDRs. The selection of such mutants could reflect distinct aspects of the binding interaction between CBR-2092 and the DNA topoisomerase target proteins. Alternately, these atypical mutations may simply attenuate the activity of the enzyme such as to alter the sensitivity of the mutant toposiomerase to inhibition by CBR-2092. In this regard, it is of interest to note that past studies of laboratory-isolated quinolone-resistant mutants of S. aureus have similarly revealed mutations outside of the classical QRDRs and have been found to either reduce the expression of DNA topoisomerase IV (17) or yield enzymes with apparent reduced catalytic function (X. Zhang and D. Hooper, unpublished observations cited elsewhere [17] ). Finally, the mutational activation of efflux systems has been shown to be a common mechanism that contributes to the development of fluoroquinolone resistance in a variety of human pathogens. Studies of S. aureus suggest that up to ϳ50% of fluoroquinolone-resistant strains of clinical origin exhibit an enhanced quinolone efflux phenotype (11, 34, 35, 39) and that mutations affecting the expression of two specific efflux pumps-NorA, a member of the major facilitator superfamily (MFS) class, and MepA, a multidrug and toxic extrusion (MATE) family member-are most commonly found. However, in contrast to most fluoroquinolones, including the comparator agents studied here, the mutational activation of efflux systems does not appear to be a contributory factor in the development of resistance to CBR-2092. Furthermore, in an accompanying article (30) , we show through the use of a panel of genetically defined mutant strains of S. aureus that the increased expression of either norA or mepA has no discernible impact on the in vitro activity of CBR-2092. It is of interest to note that quinolone dimer agents linked via the C-7 position also appear to exhibit a lower propensity for quinolone efflux in S. aureus (14, 22, 23) . In addition, the improved antimicrobial activities of other quinolone hybrid agents against gram-positive cocci compared to those of the parent agents (or cocktails thereof) may also be explained by the circumvention of intrinsic or mutationally activated efflux systems (8, 13, 15, 16) . One possible explanation for this apparent commonality among quinolone hybrid antibiotics (including CBR-2092) is that the MFS and MATE classes of pumps involved in quinolone efflux in gram-positive cocci exhibit relatively narrow substrate specificities compared to those of the resistance-nodulation-division efflux systems principally involved in quinolone efflux in gram-negative pathogens. In light of the increasing prevalence of efflux-mediated resistance traits in gram-positive cocci, this feature may confer a selective advantage of CBR-2092 over rifamycin-fluoroquinolone cocktail combinations with regard to its activity against fluoroquinolone-resistant clinical isolates.
